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of fissile nuclides in a fusion power reactor heat-extraction blanket is
from the point of view of tritium regeneration and power production. The
a stable, steady-state D-T plasma in a cylindrical configuration is pos-
tulated.
Nuclear reaction rates are analyzed with the aid of theoretical methods and multi-
group, multiregion computer codes developed by A. J. Impink, Jr. Codes developed
by W. G. Homeyer have been used to calculate nuclear heating rates.
Optimization studies of several blanket configurations show that a blanket with a
thin Mo first wall, a narrow, fused (LiF) 2 BeF 2 first-wall coolant region, and -50 cm
21%o C and 79% fused (LiF-BeF 2 -UF 4 ) primary attenuator region with 17 to 27 mole per
238 6
cent (U 238)F 4 and -50% Li enrichment is feasible and practical. The calculated trit-
ium regeneration is adequate. The total heat recovery is approximately twice that in a
nonfissile blanket; approximately 90% of the heat is liberated in the primary attenuator
region. The heating rate in the first wall and in the coolant region is independent of the
UF 4 salt composition. The thermonuclear power limit is -5 Mw/mZ of neutron energy
incident on the first wall.
The performance of blankets with a UF 4 fused-salt coolant region has been found to
be marginal; fissioning metallic first-wall configurations are not feasible.
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A program to study the several aspects of a thermonuclear power reactor blanket
assembly has been initiated. The blanket consists of the vacuum wall, heat-transfer
medium, and tritium regeneration mechanism (the last for a D-T reactor), that must
surround any controlled fusion plasma. Investigation of the blanket problem is moti-
vated by two principal facts: (i) present understanding of plasma physics allows a fairly
reliable estimate of the general characteristics of a steady-state fusion reactor (if
plasma stability can be achieved); (ii) a controlled fusion system will consist of much
more than the plasma.
The reactor postulated by Rose and Clark1 has been assumed as the basis of this
study. The primary source of energy will be the deuterium-tritium fusion reaction.
Approximately 80%o of the fusion energy appears as neutron kinetic energy, the remain-
der as a-particle energy. A considerable fraction of the a-particle energy will be trans-
ferred to plasma electrons and will appear as electromagnetic radiation (x-ray and milli-
meter radiation). Energy recovery, therefore, requires a blanket assembly that absorbs
the plasma radiation and moderates the neutrons. The blanket must also regenerate trit-
ium, using the 14. 1 Mev D-T fusion neutrons to ensure continued reactor operation. The
use of superconducting magnetic coils to generate the confining field requires that the
blanket be a coil shield.
These considerations are the foundation of the blanket study. Theoretical analyses
of blankets without fissile nuclides have been completed. A. J. Impink 2 has investigated
the neutron transport and the nuclear reaction rates in the blanket. W. G. Homeyer 3
has analyzed the thermal and chemical aspects of the problem. Presently, experimental
studies of blanket arrangements will be conducted by P. S. Spangler 4 and L. M. Petrie 5
with the aim of testing the validity of the theoretical results.
The present work explores the nuclear and thermal problems in fusion reactor blan-
kets in which fissile nuclides constitute a significant part of the system. Thorium 232
and uranium 238 are the only reasonable choices of nuclides because both have large fast-
fission cross sections, and both are relatively abundant. These fissionable materials,
however, absorb neutrons as well as yield them by fission and other reactions; also,
thermal stress and heat transfer problems may be made more difficult by the occurrence
of fission. Hence, the two primary objectives of this study are:
1. To investigate the feasibility of a blanket with fissile nuclides, in view of the
imposed requirements.
2. To estimate the practicality of such a system. The generally favorable results
obtained for nonfissile blanket systems and the additional problems (corrosion, increased
radiation damage, long-lived fission products) introduced by the use of fissile nuclides,
imply that the advantages of a fissile blanket must be great for it to be considered prac-
tical.
This study makes use of the methods and computer codes developed by Impink and by
1

Homeyer in treating the corresponding problems of tritium regeneration and of nuclear
heating of the blanket. Three distinct blanket configurations are investigated: (i) the
fissile first wall; (ii) the fissile first-wall coolant; and (iii) the fissile primary atten-
uator configurations. In the first case the fissionable nuclide is in metallic form, in the
second and third, it is a constituent of a fused salt. This report is organized as follows:
Section II is devoted to a brief sketch of the history and the conceptual development of
the fissile blanket. The tritium regeneration analysis is presented in Section III. The
heating rate calculations and related topics are discussed in Section IV. Section V gives
a summary of the conclusions derived from the investigation. The derivation of the res-
onance absorption model for a homogeneous mixture of nuclides is presented in Appen-
dix A. The summary of the nuclear cross section data for Th 2 3 2 and U2 3 8 is given in
Appendix B. Appendix C gives an outline of the heat-transfer calculations.
Three important considerations pertaining to the problem are intentionally excluded
from detailed analysis. The first two are the problem of corrosion associated with high
temperature UF4 fused salts, and the problem of fission product build-up in the system.
The corrosion problem is similar to that encountered in a molten salt fission reactor,
and research is under way to develop means of controlling it.6 The build-up of long-
lived isotopes constitutes a health hazard and a disposal problem, but imposes no
serious physical limitation on the blanket. Third, and extensive study of the economic
implications of the use of fissile nuclides in a blanket assembly is beyond the scope of
this work.
There will be frequent mention of the work of A. J. Impink and of W. G. Homeyer
and their names will be cited without further reference.
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II. CONCEPTUAL DEVELOPMENT OF THE BLANKET
2.1 FUNCTIONS OF THE BLANKET
The requirements of the blanket assembly have been established in previous stud-
1-3
ies. They fall under the general headings of tritium regeneration, heat extraction
and superconducting coil shieldings. These topics will be discussed briefly here.
a. Tritium Regeneration
Tritium regeneration by the fusion D-T neutrons is essential. The yield should be
as great as possible, and a lower limit is approximately 1. 15 tritons per triton consumed
in the fusion reaction. 7 (The excess regeneration is required to offset the losses
incurred in recycling the tritium through the plasma, in recovering the tritium produced
in the blanket, and by natural radioactive decay throughout the system.) The principal
tritium-producing reactions are
Li 6 + n T3 + He 4 + 4.8 Mev
and
Li 7 + n+ 2.8 Mev T3 + He 4 + n'
Calculations by Impink have shown that the "effective" multiplication of Li 7 (92. 58% of
natural Li) is not nearly enough to compensate for leakage and parasitic capture. Thus
(n, Zn) reactions from Be 9 and from intermediate or heavy nuclides are required for
additional neutron multiplication. The last also competes with inelastic down-scattering.
Substantial neutron multiplication may be gained from Th 2 3 2 and U2 3 8 fast fission,
which yields approximately 3 neutrons per reaction. The large (n, 2n) and (n, 3n) cross
sections at high energies further increase the multiplication potential of these nuclides.
The multiplication cross sections (the product of the reaction cross section and the neu-
tron yield) of Th 2 3 2 and U2 3 8 are compared with those of Mo and Be in Fig. 1.
b. Heat Extraction
The energy released in the D-T fusion reaction
D + T-He 4 (3. 5 Mev) + n (14. 1 Mev)
induces two forms of blanket heating. A fraction of the a-particle energy (which is
transferred to the plasma electrons) will be absorbed on the first surface of the vacuum
wall as cyclotron radiation and Bremsstrahlung x-rays. The energy of the fast neutron
is recovered within the blanket as the neutron is slowed down to thermal energy by elas-
tic and inelastic scattering events. Neutron-induced exoergic reactions (for example,
Li 6 (n, t), U 3 8 (n, y) and U2 3 8 (n, f)) provide additional volume heat generation. The
energy of the neutron reactions appears as residual nucleus and charged-particle kinetic






















Fig. 1. Multiplication cross sections.
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Impink and Homeyer have established that the use of a refractory metal vacuum wall
is mandatory, and that the requirements of low pressure, high heat transfer, stability,
nonconducting coolant, 500°C operating temperature, and tritium regeneration make
(LiF) 2 BeF 2 by far the best choice for a nonfissile coolant.
c. Superconducting Coil Shielding
The superconducting magnet, located outside the blanket assembly, will be main-
tained at a temperature below 4°K. The large temperature difference between the coils
and the exterior environment necessitates high power expenditure for the removal of rel-
atively small quantities of heat. Homeyer estimated that the maximum tolerable heat
generation in the coil region is of the order of 105 of the neutron energy flux incident
on the blanket first wall. Therefore, the coil-shielding region must provide for a high
degree of neutron (leakage from the heat-extraction region) absorption and x-ray atten-
uation. No energy recovery is expected in the coil shield, and it will be separated from
the inner blanket by a thermal shield.
2.2 BLANKET ASSEMBLY WITHOUT FISSILE NUCLIDES
The calculations of Impink and Homeyer indicate that the nonfissile blanket config-
uration shown in Fig. 2 is of satisfactory design. The blanket produces approximately
1. 22 tritons per incident neutron. The heat generation in the blanket is approximately
123% of the incident neutron energy flux; the heating in the magnetic coils is 2 X 10 - 5 of
the recoverable heat.
2.3 EARLIER PROPOSALS FOR FISSILE BLANKETS
a. Driven Thermonuclear Reactor with a Fissile Blanket
A new fusion reactor design in which most of the power output would be derived from
the fast fission reaction in a depleted uranium blanket was proposed by Powell. 8 In this
system, 14-Mev neutrons would be supplied by a driven D-T fusion reactor (a mirror
device containing a 1-2 kev tritium plasma of 1014 to 1015 ions/cm 3 density which is
bombarded by 200-250 kev deuterons). An estimated 1-2 fissions would be induced in
the U2 3 8 blanket for each fusion reaction, resulting in nearly fivefold neutron multipli-
cation, and approximately 200% increase in power production. Neutron capture in U 2 3 8
would produce Pu2 3 9 (with a breeding ratio of 4) for fission reactor fuel; and the Li 6 (n, t)
reaction would regenerate sufficient tritium to maintain continued reactor operation.
The problem of heat extraction was ignored, and only rough calculations of neutron econ-
omy were made. No further development of this reactor concept was pursued.
b. Fusion-Fission Reactor
L. G. Barrett 9 proposed a scheme to improve the heat-extraction blanket of a
stellarator-type fusion reactor. The blanket would consist of a series of fission reactors
5




















6.25 cm (LiF)2BeF 2
2.0 cm Mo
Vacuum







capable of critical operation independently of the fusion device. The heat recovery region
would be composed of primary cooling channels containing a circulating aqueous solution
of enriched UO2SO4 , followed by secondary cooling channels containing a similar
depleted uranium solution. The critical operation of the blanket fission reactor would
be controlled by the uranium concentration in the primary coolant system. Pu 2 3 9 would
be produced in the depleted uranium system; and tritium regeneration would be accom-
plished by circulating metallic Li 6 outside the heat-recovery region. (An alternative
tritium-breeding system would consist of placing Li 6 near the exterior loop of the cooling
system, and the Li6 (n, a)t reaction would be induced by delayed fission neutrons; in this
scheme ohmic pumping losses would be eliminated.) The anticipated advantages cited for
this fissile blanket configuration are
1. The blanket assembly could be preheated by the fission (thermal) reactors.
2. The fusion-fission reactor power could be maintained by the fission reaction alone
in the event of temporary shutdown of the fusion device.
3. During steady-state operation, the fusion energy would be multiplied severalfold
by the D-T fusion neutron-induced fast fissions.
4. The fission reaction would provide sufficient neutron multiplication to maintain
Pu 239 and tritium regeneration. Pu239 would be recycled in the primary coolant system
(the thermal reactor), and thus a self-sustaining fuel cycle for both the fission and the
fusion reaction might be achieved.
No neutronic calculations and engineering analyses were made for this blanket; and
development of the concept was not carried out.
2.4 PRESENT PROPOSED BLANKET WITH FISSILE NUCLIDES
Several blankets with fissile nuclides were investigated in this study, and the fol-
lowing configuration was found to be feasible and practical: The blanket retains some
of the characteristics of Impink's nonfissile blanket. The Mo vacuum wall is followed
by a narrow nonfissile fused-salt cooling region. The primary attenuator contains a
LiF-BeF-(U 238)F 4 fused-salt (17 to 27 mole per cent UF4 ) cooling medium channeled
through a graphite matrix. (Figure 17 shows a schematic diagram of the inner blanket.)
A coil-shielding region, similar to that designed for a nonfissile blanket, surrounds the
heat-recovery region. The proposed blanket offers adequate tritium regeneration
(-1. 2 tritons per incident neutron), and substantial gains (approximately 100%) in power
output. Economic benefits may be derived from the recovery of Pu239 produced by U2 3 8
neutron capture.
7
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III. TRITIUM REGENERATION
3.1 METHODS OF ANALYSIS
Requirements for the analysis are: (i) appropriate formulation of multigroup neutron
transport theory which is adaptable to machine calculation; (ii) approximation of the sev-
eral neutron reactions with suitable mathematical models; and (iii) reliable experimental
neutron cross-section data for the elements of interest. Fortunately, the computational
techniques and scattering models had already been developed by Impink at the beginning
of this study. Also, scattering data and reaction cross sections for all nonfissile
nuclides used in the investigation were available.
Computer codes were devised to calculate neutron transport and reaction rate
distributions in slab, cylindrical, and spherical blanket configurations. The codes
for the treatment of an infinite slab blanket with three homogeneous regions were
equipped to consider the fast fission reaction, although Impink calculated only fission-
free systems. The calculations are made in 50 neutron energy groups by using inte-
gral transport theory in the energy range above -5 Mev and differential transport
theory at lower energies. The codes can be used directly, with insertion of suitable
cross sections.
The neutron scattering models developed for heavy nuclides were entirely ade-
232 2 3 8quate for treating Th and U2 3 8 . The statistical-model calculations were modi-
fied slightly to account for the (n, 3n) reaction, which did not enter into the previous
investigation. The validity of using these models for describing the nonelastic
scattering spectra in heavy nuclides may be inferred from the favorable agree-
ment between Impink's calculations and experimental measurements for lead. The
calculated scattering spectra and measured scattering and multiplication cross
sections (excluding fission) were used to determine the neutron group transfer
probabilities for the fissile nuclides. (The neutron cross sections are given in
Appendix B.)
Reliable experimental cross sections above a few kev are available for both
232 238Th and U 2 3 8 At lower energy, however, the effective cross sections for scat-
tering and resonance capture must be determined empirically. The elastic scattering
cross section below -1 kev was simply assumed to be equal to the potential scat-
tering cross section. Neutron capture is more important, and a more exact treat-
ment is desired. The energy distribution of the neutron flux in the blanket precludes
the use of the effective resonance integral method for calculating the neutron absorp-
tion. Impink derived a method for determining the effective capture cross section
per energy group for an absorbing medium containing a single nuclide. The study of
fused-salt regions containing fissile isotopes required the further development of the
model to include homogeneous mixtures of nuclides. The derivation is presented in
Appendix A.
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3.2 BLANKETS WITH FISSILE FIRST WALLS
a. Material Choice and Configuration
To derive maximum benefit from the fast fission reaction in a blanket, it is desirable
to locate a high concentration of fissile nuclides near the incident source of 14 Mev neu-
trons. Consequently, let us investigate the vacuum wall. Physical and mechanical prop-
erties of U2 3 8 (Table 1) preclude its use on the grounds of a low melting point. Th2 3 2 ,
however, has good refractory properties, and it may be useful at the first-wall temper-
ature, 1000°C maximum. But the mechanical strength of thorium is at best marginal


































for the vacuum wall, and the use of the pure metal without additional structural support
is unlikely. Modest alloying might improve the strength, probably at the cost of some
nuclear benefits; but we have no reliable information on this matter, and assume pure
Th2 3 2 for the subsequent calculations.
The general characteristics of the fissile first wall blanket are shown in Fig. 3.
Except for the vacuum wall, the assembly is identical with the standard nonfissile blan-
ket investigated by Impink. The nonfissile blanket was a reasonable design, and a com-





















Fig. 3. Fissile first-wall blanket configuration.
b. Analysis and Tritium Regeneration
The Th 2 3 2
salt in the blan
wall thickness selected for initial calculation was 2. 0 cm; the (LiF) 2 BeF 2
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regeneration for this blanket is 1. 135 tritons per incident neutron. The first wall yields
75% of the total neutron multiplication (-0. 495 neutron per incident neutron) but the Th 2 3 2
neutron capture reduces its net contribution to approximately 0. 111 neutron per incident
neutron. The reaction distributions in the blanket are shown in Fig. 4.
The maximum useful width of a Th2 3 2 wall may be approximated by extrapolating the
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Fig. 5. Reaction-rate distributions in a Th 2 3 2 wall.
It appears that increasing the first-wall width beyond 2. 5 cm will result in a net loss of
neutrons. The estimated tritium regeneration in a 2. 5-cm Th2 3 2 first-wall blanket is
-1. 14 tritons per incident neutron; and in our opinion, it is marginal.
The large Li 6 (n, t) cross section at low energies suggests that an increased Li iso-
topic concentration in the fused salt may reduce both the Th 2 3 2 neutron capture and the
neutron leakage. Thus a blanket with 50% isotopic Li6 , but otherwise identical to the one
described above, was analyzed. The regeneration ratio is 1. 263 tritons per incident
neutron. The increase in tritium production results entirely from the reduction of the
232 6Th absorption rate; the benefits from increased Li (n, n) multiplication and reduced
neutron leakage are cancelled by the loss of nearly half of the Li 7 (n, tn) reactions. The
high Li 6 concentration in the blanket affects only the low-energy neutron reactions;
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The pronounced shift of the various absorption reactions in the fused-salt regions toward
the first wall (shown in Fig. 6) indicates the rapid attenuation of the low-energy neutrons.
The increased tritium production resulting from the Li6 enrichment in the fused salt
permits some reduction in the neutron-producing Th2 3 2 wall thickness. Therefore, cal-
culations were made for 1. 0-cm and 1. 5-cm thick first-wall configurations; the corre-
sponding tritium regeneration ratios are 1. 183 and 1. 229. The net worth of the Th2 3 2
region in terms of total tritium production is shown in Fig. 7. The net-worth curve
extrapolates to a minimum acceptable first-wall thickness of approximately 0. 75 cm.
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Fig. 7. Net worth of Th2 3 2 in a 50% Li 6 system.
The results of the Th2 3 2 first-wall calculations are compared with those for a U2 3 8
and a Mo first-wall blanket in Table 2. The 1. 5-cm U2 3 8 wall contains roughly the same
number of atoms as the 2. 0-cm Th 2 3 2 wall; consequently, these results are comparable
on a per atom basis. The superiority of U2 3 8 from the point of neutron multiplication
is evident. The major contributing factor is the greater fast fission cross section of
U 2 3 8 . The resonance capture in Th is approximately 20% higher than in U2 3 8 (the
high total U2 3 8 (n, y) reaction rate indicated in Table 2 is due to a larger neutron popu-
lation in the first wall); this effect decreases the relative net multiplication in Th2 3 2
even more. The nonfissile blanket compares favorably with the corresponding Th 2 3 2
configuration. The neutron multiplication in the Th 2 3 2 wall is approximately 45% greater
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only a 4% advantage in tritium regeneration.
c. Evaluation of Results
The calculations indicate that adequate tritium regeneration may be achieved in a
Th 2 3 2 first-wall blanket by increasing the Li 6 isotopic concentration in the fused salt.
Nonfissile blankets offer, however, nearly the same tritium production with fewer pen-
alties, such as lack of strength, corrosion, and fission damage, than are expected with
232
Th 2 3 2 We conclude, therefore, that the use of a thorium first wall offers no neutronic
advantage over a nonfissile configuration.
A second conclusion, which will affect the remainder of this study may be drawn:
U2 3 8 demonstrated marked superiority to Th 2 3 2 and, consequently, only U2 3 8 possesses
potential usefulness in fusion reactor blanket application.
3.3 BLANKETS WITH URANIUM-FUSED SALTS
a. Choice of Salts
The fused-salt coolant in a blanket must meet the following requirements:
(a) Melting point less than 500°C;
(b) Viscosity less than 20 centipoises near 600 C;
(c) High heat capacity and thermal conductivity;
(d) Chemical stability at all operating temperatures;
(e) Chemical compatibility with other blanket materials;
(f) Provision for tritium regeneration;
(g) Low non tritium-producing neutron capture; and
(h) Provision for substantial neutron multiplication.
In view of these requirements, the use of thorium salts is rejected in favor of uranium
systems. The preceding results show that U2 3 8 gives better neutron multiplication than
Th 232; we also found that the melting point of thorium salts is generally higher than that
of corresponding uranium salts. 1 The LiF-BeF2 based UF 4 ternary system seems to
be the best choice for a coolant. These salts have been investigated experimentally, and
physical and chemical data are available. 6 ' 10,11 Figure 8 shows a portion of the ter-
nary phase equilibrium diagram for the LiF-BeF 2 -UF 4 salts. 2 The region of interest
is bounded by the 500°C melting curve and the arbitrary lower limit of 10 mole fraction
per cent of UF 4 . The salt compositions used in this study are indicated in the phase dia-
gram, and some of their physical properties are listed in Table 3. The mixtures were
chosen to give insight into the behavior of various ranges of composition. All of the
fused salt in each blanket configuration did not contain uranium. The (LiF) 2 BeF 2 eutec-
tic mixture, g on the diagram, was used in all nonfissile regions.
Limited experimental results indicate that the corrosive properties of the salts
increase rapidly with increase of UF 4 content.l2 In this problem we assume that it will
be solved by chemical and metallurgical advances in the future and, owing to the lack of
comprehensive data, the effect of corrosion is neglected here.
15
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Fig. 8. Phase diagram for the LiF-BeF 2 -UF 4 ternary salt system.
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In the discussions below, the various salt compositions are abbreviated by listing the
mole percentages of the LiF, BeF 2 and UF 4 constituents (for example, the 60LiF-
30BeF2-10OUF 4 salt is denoted 60-30-10).
b. Blankets with UF 4 in the First-Wall Coolant
The configuration for this study is shown in Fig. 9; it is similar to that of the stand-
ard nonfissile blanket. The major departure consists of replacing the nonfissile first-
wall coolant salt with a ternary UF 4 salt. The primary attenuator is identical with
Impink's standard system, but its total width is reduced approximately 15% to facilitate
the computer calculations. Since the nuclear reaction rates are relatively low in the











Fig. 9. Fissile-coolant blanket configuration.
Calculations were made for the 73-00-27 and the 60-30-10 coolant systems to deter-
mine the effects of varying the Mo first-wall thickness. The results are given in Table 4.
Figure 10 shows the net worth of the Mo wall in terms of tritium regeneration for the two
configurations. The optimum wall thickness varies inversely with the uranium content
of the coolant, and is approximately 1. 3 cm for the 27% UF 4 (natural Li) salt. The net
neutron multiplication of U2 3 8 decreases rapidly with increased Mo thickness, as is seen
in Fig. 11. Therefore, to optimize the U2 3 8 multiplication, the standard Mo first wall
was chosen to be 1. 0 cm wide.
Tables 5 and 6 show the results of the calculations for several fused-salt composi-
tions. The tritium regeneration in a standard blanket configuration with natural Li salts
is roughly independent of the U2 3 8 content, and is -1. 08 tritons per incident neutron (see
Fig. 12). The identical blankets with 20% Li 6 isotopic concentration in both the uranium
and the nonfissile salts yield adequate tritium regeneration; the increase in tritium pro-
duction, for enriched Li, is proportional to the amount of U2 3 8 in the system. (The
deviations of the calculated points from the curves indicated in Fig. 12 result from the
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indicates that the UF 4 blankets with natural Li are less efficient tritium breeders than
the nonfissile configuration. The reason is simple: U2 3 8 competes with Li 6 for neutron
capture, and Li 6 enrichment is necessary to overwhelm the U2 38 competition; once this
is done, the additional U238 neutrons are useful in breeding tritium.
The net (tritium production) worth of Li 6 for several enrichment schemes is shown
in Fig. 13 (see also Table 7). Adequate tritium regeneration may be achieved in a fissile
blanket either with approximately 50% Li 6 enrichment in the first-wall coolant alone or
approximately 15-20% Li 6 enrichment in both the coolant and the primary attenuator
regions. The last method seems to be more effective.
The typical reaction rate distributions in a fissile coolant blanket with natural Li and
with 50% Li 6 enrichment are shown in Figs. 14 and 15. The effects of the increased Li 6
concentration are evident, and a strong similarity to the corresponding diagrams for the
fissile first-wall blanket (Figs. 4 and 6) is observed.
The effects of increasing the beryllium content of the primary attenuator were inves-
tigated for two cases. The equivalent of a 5-cm slab of Be metal was homogenized
throughout the attenuator region of a standard blanket with the 60-30-10 fused-salt cool-
ant and natural Li6 concentration, and similarly for the 73-00-27 configuration with 50%
Li 6 enrichment. The results of the calculations are presented in Table 8. The total
neutron multiplication in both blankets is increased approximately 0. 07 neutron per
incident neutron, and the resulting gain in tritium production is approximately 7 per cent.
In the low-uranium blanket, the tritium regeneration appears to be marginal, but further
addition of Be (or Li 6 enrichment) would give satisfactory results. In the Li6 enriched
73-00-27 blanket, the production of 1.332 tritons per incident neutrons is certainly ade-
quate to ensure continuous reactor operation.
Figure 16 shows the reaction rates in the natural Li6 blanket with Be enrichment.
The negligible increase of the tritium regeneration rate toward the back of the primary
attenuator indicates that for maximum benefit the beryllium should be concentrated near
the coolant-attenuator interface. Impink's five-region analysis shows that the homogene-
ous treatment of Be enrichment in the primary attenuator gives conservative results.
The gain in tritium production may be as high as 20% for a 5-cm Be slab.
c. Blankets with UF4 in the Primary Attenuator
Now we shall investigate a blanket containing a uranium salt in the primary attenu-
ator region. The physical configuration is shown in Fig. 17. Both the first wall and the
coolant region are made as narrow as possible to reduce the attenuation of the incident
14-Mev neutron flux. Even so, a large fraction of the uranium near the back of the
attenuator will be exposed predominantly to low-energy neutron fluxes; consequently, a
high rate of neutron multiplication must be provided to offset the U2 3 8 neutron capture.
Therefore, only high UF 4 constituent salts will be considered in this analysis. The non-
fissile salt was chosen as the first-wall coolant in order to maintain a low energy density
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Fig. 14. Reaction distributions in a fissile-coolant blanket with
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Table 8. Analysis of the effects of homogenizing the equivalent of 5 cm
of Be throughout the primary attenuator of a standard blanket.












Leakage < 0.4 Mev 0.0504
Leakage > 0.4 Mev 0.0360
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Fig. 17. Fissile attenuator blanket configuration.
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The results of the calculations for the 73-00-27 fused salt are shown in Table 9. The
natural lithium blanket configuration is definitely inadequate for tritium regeneration
even if the entire leakage were overcome; Li 6 enrichment is necessary. Blankets with
50% and 90% Li6 isotopic concentration show drastic reduction of uranium neutron cap-
ture and yield satisfactory tritium production. Figures 18 and 19 show the reaction rate
distributions in the natural and 50% Li6 blankets. In both cases, the major portion of
the neutron multiplication in the primary attenuator comes from the U 2 3 8 reactions. The
neutron capture in uranium for the natural Li blanket, however, is comparable to the
total tritium regeneration in the attenuator region. Increasing the Li 6 content in the
fused salts to 50%0 reduces the U2 3 8 absorption approximately two-thirds, and increases
the tritium production correspondingly. Rapid attenuation of the low-energy neutron
fluxes is evident in the enriched attenuator, but the total tritium regeneration rate
remains above that of the natural Li blanket throughout the whole attenuator region.
The net worth of Li 6 in the 27% UF4 blanket is shown in Fig. 20. The minimum Li 6
enrichment is -35% for this blanket; blankets with a lower UF4 content will require more
enrichment (however, there is a critical uranium concentration, below which the U2 3 8
absorption rate becomes a minor effect and high Li 6 enrichment is not needed). Increasing
the Li 6 isotopic concentration above 50% results in relatively small additional tritium
production, and therefore, it seems to be impractical.
Calculations for the 17% and the 20% UF 4 salts with 50% Li 6 enrichment indicate that
these systems also yield sufficient tritium regeneration (see Table 10). The net worth
of U2 3 8 in the attenuator region (with 50% Li6 enrichment) is shown in Fig. 21. The
curve is assumed to be linear by analogy with Fig. 12, and the deviation of the calculated
points is attributed to the variation of the ratio of BeF 2 To LiF. From this diagram it
appears that much lower uranium compositions will be adequate than what were initially
anticipated.
The effects of adding the equivalent of 5 cm of metallic beryllium to the attenuator
region of the 27% UF4 blanket with 50% Li 6 were investigated. The increase in the trit-
ium production is 0. 054 triton per incident neutron. As can be seen in Table 11, the
U2 3 8 multiplication reactions are reduced approximately 10%, owing to the decrease in
the volume of fused salt in the primary attenuator. Since it appears that an acceptable
tritium regeneration cannot be achieved with reasonable Be enrichment alone, we con-
clude that the addition of metallic beryllium to this blanket configuration is of no advan-
tage.
d. Evaluation of Results
The two preceding sections were mainly concerned with the optimization of tritium
regeneration. Based on tritium production, both the fissile first-wall coolant and the
fissile primary attenuator configurations are of satisfactory design, though neither offers
a clear-cut advantage over the nonfissile blanket systems. The two other neutronic
31
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Fig. 18. Reaction distributions in a fissile attenuator blanket with






















'~ ~ ·,\B,\-, 
t I Li LI 1 i Ili 71 

















il.0 cm Mo First Wall \-
I I 49.0 cm 21C-79(73LiF-27 UF 4 ).
Primary Attenuator \
I I I I 
0 10 20 30 40
Distance From the First Surface
(cm) 50
(cm)
Fig. 19. Reaction distributions in a fissile attenuator blanket with






















I"TN 4-'1 A .-
I
I -'
0 20 40 60 80 100
Li6 Isotopic Concentration (Percent)

























U 2 3 8 Atomic
9
Percentage























Table 10. Comparison of the effects of fused-salt composition in a
50% Li 6 enriched fissile attenuator blanket.
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Table 11. Effects of Be enrichment in the fissile attenuator blanket










































considerations that bear directly on the choice of system are the fast fission rate and the
U2 3 8 (n, y) Pu 2 3 9 reaction rate in the blanket. The benefits that may be derived from
the fission energy in terms of total reactor power output will be analyzed in Section IV.
It may be pointed out now that the fissile attenuator scheme maximizes the total number
of fission reactions, yet maintains a reasonably low fission density in the wide attenuator
region. Blankets with a high uranium content salt-coolant region yield half the fissions
of the fissile attenuator system, but here the reactions occur in a narrow region and the
fission density is high. Therefore, it appears that the blankets with a UF 4 primary
attenuator region are more advantageous.
Assuming that the demand for fission reactor fuel will be sufficiently high to warrant
the extraction of the Pu2 3 9 by-product from the blanket, the efficient manufacture of
plutonium may possess tangible economic advantages. Pu 2 3 9 and tritium production are
opposite effects and a balance may be struck by proper choice of Li6 enrichment.
Figure 22 shows the inverse relationship between Pu 2 3 9 production and tritium regener-
ation in standard fissile attenuator and fissile coolant configurations with the 27% UF 4
fused salt. The maximum plutonium breeding in the blanket with the fissile coolant region
is only ~0. 18 Pu atom per D-T fusion reaction, if reasonable tritium production is to be











Fig. 22. Pu 2 3 9 versus tritium production for standard
fissile attenuator and fissile-coolant blankets
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for similar tritium production. Under operating conditions with, say, 45% Li6 enrich-
ment, the latter blanket configuration will produce -0. 25 Pu atom for each D-T fusion;
this represents a potential gain in ultimate power generation of approximately 250%. The
fissile primary attenuator blanket is superior from the point of economic and ultimate
power gain through plutonium recovery.
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IV. NUCLEAR HEATING RATES
4. 1 METHOD OF ANALYSIS AND SOURCE OF DATA
The mathematical models, calculational techniques, and computer codes developed
by W. G. Homeyer for investigating the heating rates in nonfissile blankets were appli-
cable without modification to the present study. The integral-spectrum model of gamma-
ray transport was used for most of the calculations. The comparison of the results of
the build-up factor and the integral-spectrum calculations for a number of cases showed
that the difference in total heat generation does not exceed 3%. Furthermore, as
Homeyer points out, the integral-spectrum method conserves gamma energy and its dif-
ference from the build-up factor calculations tends to cancel the known errors of the
method.
All y-ray energy spectrum and local heating data for the nonfissile nuclides used in
this investigation were derived from Homeyer's work. The y-ray spectra resulting from
the various nuclear reactions in U 3 8 and Th 2 3 2 were obtained from experimental
sources or calculated. The prompt fission y-ray spectrum of U2 35 was used for both
U2 38 and Th 2 3 2 on the strength of the findings of Protopopov and Shiryaevl 3 and of
Kirkbride,l4 which show no significant difference in the spectral distribution for other
fissile elements, and that the fission y energy is independent of the bombarding neutron
energy. The delayed y-ray spectrum from the de-excitation of the fission fragments was
approximated by the same distribution as the prompt y-rays (a reasonable assumption up
to 200-sec decay time, 1 5 ) and the total fission y energy was taken as the sum of these
two sources of y energy. The numerical values were taken from Blizard. 1 5
16 238The neutron-capture gamma spectra were given by Campion et al. for U , and
by Groshev et al.1 7 for Th2 3 2 . The total capture y energy was derived from the cal-
culated binding energy of the captured neutron.18 The inelastic scattering y energy
spectrum at high (>1. 9 Mev) incident energies and the (n, 2n) y spectrum were calculated
with the statistical model from measured nuclear temperature data. 1 9 The (n, 3n) reac-
tion was neglected, since the sum of the binding energies of the emitted neutrons and
their most probable energy approximately equals the incident neutron energy. The
(n, n') y spectrum was calculated from the Gaussian model in the 1.4-1. 9 Mev incident
energy range, and for lower energies measured nuclear level energies20 and excitation
functions 1,22 were used.
The values for the fission fragment energies for Th2 3 2 were taken from Smith,
Nobles and Friedman, 2 3 and for U2 3 8 from Stevenson et al. 2 4 The total -particle
energy released in both thorium and uranium fission was assumed to be 6 Mev. 1 5 The
p energy emitted in the (n, y), (n, 2n) and (n, 3n) reactions were calculated from the data
given by Hellwege. 2 0 Since the probability of heavy charged-particle emission is very
small for both Th and U, such reactions were neglected. Table 12 summarizes
the reaction energetics of the two fissile nuclides.
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232 238Table 12. Reaction energetics of Th and U
Reaction Charged Particle Gamma Ray Total Energy
Kinetic Energy Energy (Mev/Reaction
(n,f)
Th R3 2 163 12.7 175.7
U 238 181 12.7 193.7
(ny)
Th2 3 2 1.56 5.09 6.65
U 238 1.53 4.71 6.24
(n,2n)
Th2 3 2 0.32
U 238 0.25
Note:
a) (n,n') and (n,2n) gamma energy is a function of
incident neutron energy.
b) (n,3n) reaction is assumed to go directly to the
ground state of the stable residual nucleus.
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The gamma-ray absorption and attenuation coefficients for the fissile nuclides were
taken from published tables of calculated values.2 5 In determining the equivalent atomic
charge (Z) for the build-up factor calculations the same tables were used. The neutron
reaction cross sections of Th 2 3 2 and U 2 3 8 listed in Appendix B were employed in the
heating-rate calculations.
4. 2 BLANKET WITH A FISSILE FIRST WALL
The analysis of the thorium first-wall blankets (described in section 3. 2) indi-
cates excessively high heat generation in the first wall. The 2. O0-cm Th wall con-
figuration with natural Li yields approximately 24. 2 Mev of recoverable energy for
each incident 14. 2-Mev neutron; 10.4 Mev of this is liberated in the first wall.
Approximately 52% of the first-wall heating is caused by the thorium fission fragment
and p-particle kinetic energies; approximately 30% results from the absorption of
thorium gamma rays. The thorium reactions contribute 30% of the total heat gener-
ation in the blanket.
The calculations for the blanket configuration with 50% Li 6 enrichment show only a
negligible decrease in the total heat generation. Reduction of the Th neutron capture
rate lowers the first-wall heating approximately 8. 3%, but the gain in Li 6 (n, t) reactions
in the adjacent fused-salt region compensates for this loss. Figure 23 compares the
heating rates in the natural and 50% Li6 blankets. The sharp peak in the total heating
curve of the first wall at the coolant-wall interface is caused by the absorption of the
high y flux originating in the fused salt. The thorium gamma radiation is absorbed for
the most part in the first wall, and its effect on the heating in the other regions is very
small.
Investigation of the effects of varying the Th wall thickness indicates that the
total heat generation in the blanket changes directly with the first-wall width roughly
at the rate of 1. 5 Mev per cm change in Th (per 14. 2 Mev incident neutron). The
variation of the first-wall heating is approximately 1. 25 times that of the whole
blanket.
The results of the Th blanket heating-rate calculations are compared with a nonfissile
blanket in Table 13. It is seen that in the identical 2 cm first wall configuration, the
heat generation in the coolant and primary attenuator regions is almost equal for the Mo
and the Th blanket. The heating in the Th wall, however, is nearly three times that in
the Mo wall. Reduction of the Th thickness to 1 cm (and 50% Li 6 enrichment) decreases
this ratio to ~1. 6. For this case, the thorium blanket yields only 21% more energy
recovery than the nonfissile assembly.
The thermal stress in the Th 2 3 2 wall was calculated by the method indicated in
Appendix C. The maximum reactor power (neutron energy flux) is evaluated by setting
the thorium yield strength as the design limit. Therefore the results shown in Table 14
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Fig. 23. Heating rate distribution in a Th2 3 2 first-wall blanket configuration.
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Table 14. Thermal stress in the Th first wall
(50% Li 6 enrichment).
Th Wall Width (ax)T at 1 Mw/m 2 Maximum Power




5 Mw/m 2 (with a safety factor of two), it is clear that the metallic Th wall blankets are
not competitive. (At high temperatures, the strength of thorium decreases rapidly, and
the reactor power is limited even more.) Therefore, the fissile first-wall blanket is
impractical on the basis of excessive thermal stresses in the first wall.
4.3 BLANKETS WITH URANIUM FUSED SALTS
a. Blankets with UF 4 in the First-Wall Coolant
The heating analysis of the blankets with a UF4 salt coolant region (refer to sec-
tion 3. 3b) will be discussed briefly. Investigation of the 60-30-10 fused-salt blanket (see
Table 15) indicates that the reduction of the first-wall thickness from 2. 5 cm to 1. 0 cm
results in a 5% increase of the total heat generation. A 20% Li6 enrichment in the 1-cm
Mo wall configuration yields a 2% gain in heating (for higher UF 4 content the gain will be
less), and the addition of 5 cm of metallic Be to the primary attenuator increases the
heat generation nearly 3%. Calculations show that the various uranium reactions are
responsible for approximately 24% of the total blanket heating, and that nearly 97% of
the uranium energy is deposited in the first-wall coolant region. The heating-rate dis-
tributions in a 60-30-10 fissile coolant blanket are shown in Fig. 24 (the total heating
curve in the 73-00-27 system is shown for comparison).
Table 16 shows the results of the heating calculations for several uranium salt sys-
tems. Heat goes up with increasing uranium concentration. The first-wall heating
varies inversely with the UF4 content in the coolant, owing to the high y-ray absorption
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Fig. 24. Heating rate distribution in a fissile coolant (60-30-10) blanket
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Fig. 25. Heating rate distribution in a fissile attenuator (73-00-27) blanket.
(Incident energy flux, 100 watts/cm 2.)
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indicates that a maximum increase in total heat generation of approximately 89% may be
gained by the use of a fissile coolant salt.
b. Blankets with UF 4 in the Primary Attenuator
Heat recovery is optimized in the fissile attenuator configuration (see section 3. 3c).
Figure 25 shows the heating rates for the 27% UF 4 attenuator system. Approximately
90% of the total heat generation takes place in the attenuator region where nearly all of
the energy of the uranium reactions is deposited. Uranium reactions contribute 60% of
the blanket heating. Comparison with the Th first-wall blanket and the UF 4 coolant blan-
ket heating rates (Figs. 23 and 24) shows more even heat distribution, hence more effi-
cient utilization of the primary attenuator region.
The results given in Table 17 indicate that both the first wall and the first-wall
coolant heating are only slightly dependent on the UF 4 content of the primary attenuator.
The total heat generation in the first two regions is nearly constant for the various salt
compositions (as will be seen, this is an important property of the system). Li 6 enrich-
ment has negligible effect on the total blanket heat recovery; however, the decrease of
the first-wall heating and the increase of the coolant heating, owing to Li 6 enrichment,
are significant. Comparison with a nonfissile blanket assembly shows that the use of a
UF 4 fused salt in the primary attenuator region increases the total heat recovery as
much as 110%.
c. Evaluation of Results
The results of the first-wall coolant heat-transfer calculations (see Appendix C) for
the two uranium fused-salt blanket configurations are shown in Table 18. The incident
neutron energy flux was taken to be 5 Mw/m 2 , and a 30 inch long cooling channel was
Table 18. Heat-transfer results.
Blanket Configuration
Fissile Coolant Region Fissile Primary
Attenuator
Coolant Salt (LiF-BeF2-JF4 ) 71-09-20 71-16-13 66-34-oo00
Mo Wall Temp. Drop ( C) 95 82 82
Film Temp. Drop (OC) 62 60 27
Coolant Velocity (m/sec) 10.3 8.6 6.1




considered. The coolant inlet-outlet bulk temperature rise was assumed to be 70°C for
the uranium salts and 100°C for the nonfissile salt. The thermal stress in the first wall
is about 12, 000 psi for both configurations.
The heating-rate and the heat-transfer calculations bring out the following points.
1. For a given D-T fusion rate, the thermal power output of a fissile attenuator
blanket is approximately 27% higher than that of a fissile coolant region blanket with the
same uranium salt system.
2. In a fissile attenuator configuration the heat-transfer characteristics of the first
wall and the wall-coolant region are approximately constant for all uranium salt compo-
sitions and depend only on the nuclear power level. In fissile coolant blankets the heat-
transfer characteristics deteriorate with increasing uranium content.
3. For a reasonable nuclear power level (5 Mw/m 2 incident neutron energy flux),
and at comparable thermal power output (10 Mw/m 2 or more), the fused-salt velocity
in the first-wall coolant region is approximately 2 times higher in a fissile coolant
assembly than in a fissile attenuator blanket; the corresponding pumping loss is 20 times
greater; and the film temperature differential at the first wall-coolant interface is more
than 2 times greater. Therefore, the blanket configuration with the uranium fused-salt






The sources of error in this investigation result from the approximate nature of the
theoretical methods and uncertainties in the experimental data. Impink showed that there
is reasonable correlation between experimental measurements and his calculated results.
The errors in the neutronic calculations arising from the computational methods and the
nuclear cross section data are estimated to be less than 10%, The errors in the heating-
rate calculations arising from the y transport and y spectrum assumptions are esti-
mated by Homeyer to be less than 5%. In the present work there is an uncertainty of
approximately 5% in the estimation of some UF 4 fused-salt densities. Therefore, the
absolute error for both the nuclear reaction rate and the heating rate results should not
exceed 15%. Care was excercised to preserve internal consistency throughout the study
and the relative errors in the results are probably less than 5%.
Based on the foregoing analyses, the following conclusions may be drawn with rea-
sonable certainty.
1. Blankets with a LiF-BeF2-UF4 salt primary attenuator region containing a high
concentration of U2 3 8 (17 to 27 mole percent UF 4 ), and with approximately 50% Li 6
enrichment appear to be feasible and practical. This configuration optimizes the bene-
fits that may be derived from the use of fissile nuclides, and utilizes the large primary
attenuator volume as the main heat-recovery region. The heat generation in the first
wall and the first-wall coolant region depends only on the thermonuclear fusion power
level; this leads to a significant design consideration that the first wall and the coolant
temperatures and heat-transfer characteristics are independent of the final fission ther-
mal power output (UF 4 content) of the blanket.
The calculated tritium regeneration ratios are in excess of 1. 2 tritons per incident
neutron; thus a self-sustained tritium cycle is ensured. The heating rates in the Mo
first wall and the nonfissile coolant region are comparable to that in fission-free blan-
kets, and operation at an incident neutron energy flux of -5 Mw/m 2 is possible. The fast
fission reaction almost doubles the recoverable energy liberated in the blanket, and
approximately 90% of the heat is generated in the primary attenuator. Substantial pro-
duction of Pu 2 3 (one atom per five D-T fusion reactions) may have considerable eco-
nomic implications in terms of fission reactor fuel. If fission of this Pu 2 3 9 is also
accomplished (in some other device), the output of the entire combined system is approx-
imately doubled again.
2. The performance of the blanket systems with a UF 4 fused-salt first-wall coolant
is considered to be marginal. The total heat recovery is approximately 20% less than
that in a fissile attenuator configuration with the same UF 4 salt mixture. More than half
of the blanket heat generation occurs in the narrow first-wall coolant region, and a high
coolant velocity with a correspondingly high pumping power expenditure is required.
3. The fissile first-wall blanket configuration is not feasible. Uranium metal is
unsuited because of its low melting point. A thorium first-wall blanket is limited to
52
impractically low operating power levels, owing to excessive thermal stress in the first
wall.
It is recommended that in future work on the blanket problem the limitations imposed
by the corrosive properties of the fused salts should be explored. The problems asso-
ciated with long-lived radioactive isotope build-up in the fissile blankets require thorough
investigation. The state of the study at present is sufficiently far advanced that a com-
prehensive economic appraisal of the various nonfissile and fissile blanket configurations





Resonance Capture in a Homogeneous Mixture of Nuclides
Accurate calculation of resonance absorption is essential in the neutronic analysis
of plasma blankets. The low-energy neutron fluxes in a blanket cannot be described by
an inverse energy dependence (owing to high neutron absorption rates in the first wall
and in the Li salts); consequently, the effective resonance integral concept does not
apply. Therefore, a multigroup treatment of neutron downscattering and the use of group
effective absorption cross sections are required.
A. J. Impink, following the approach of Wigner et al., 2 6 formulated a resonance
absorption model for a medium containing a single nuclide. The extension of this model
(by using a procedure suggested by Impink), in order to treat the general case of a homo-
geneous mixture of nuclides, is presented here. For the LiF-BeF 2 - UF 4 salts, the gen-
eral model reduces to a particularly convenient form and allows a graphical evaluation
of the group cross sections for the various salt compositions.
A. 1 GENERAL DERIVATION
Several terms need to be defined.
1. The effective energy width of a resonance is the energy difference between those
two points on the resonance peak where the resonance capture cross section is equal in
magnitude to the potential scattering cross section of the medium.
2. A narrow resonance is one whose effective width is less than or equal to the aver-
age energy lost by a neutron in an elastic collision with a nuclide in the medium.
3. A wide resonance is one whose effective width is greater than the average energy
lost by a neutron in an elastic collision.
4. The volume contribution to resonance capture results from the downscattering
of neutrons (within the medium) into a resonance.
5. The surface contribution to resonance capture results from neutrons that are
incident on the surface of the medium with energies within the width of a resonance.
Impink derived the following relationships for the group effective resonance capture
cross sections and the surface-resonance weighting terms for a single nuclide medium.
(Notation is defined in a glossary appended to this section.)
Effective Cross Section
(i) Narrow Resonance
1 = {E ) n {: }- 2E(-lna)}(r) (A. 
E oE) In - - 2E(1- in a (A. 1)ia = s i(I-)A~ na r(.1
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(ii) Wide Resonance
ai litE)i{l 1] { AU) (A. 2)ali=' Isli Aai
where the term in brackets is the probability of a neutron in group i scattering into res-




Weight term aE) r r (A. 3)
(ii) Wide Resonance
r rn
Weight term [(n{ 46 } I 1 rnn ) [ I ] (A. 4)
(The surface resonance is defined as [ ] Si(0+), where Si(0+) is the group (neutron)
source strength per unit volume at point 0+, just outside the boundary of the absorbing
medium.)
Consider a medium that contains a homogeneous mixture of K nuclides, the kth
nuclide having an atomic density of Nk. Now, let us look at a resonance of nuclide 1 in
an energy group i. The macroscopic potential scattering cross section of the medium is
K
s i I N kcrsI)k. (A. 5)
k=l
The effective energy width of the resonance, AE)r, is evaluated at the total potential
scattering cross section per atom of nuclide 1 (that is, 1 i ) The absolute reso-
nance parameters r, r n , and r are not functions of the composition of the mixture;
a and are properties of the individual nuclides and are also independent of the relative
ratio of the nuclides. Therefore, the equations for a homogeneous mixture, corre-
sponding to Eqs. (A. 1) to (A. 4) may be obtained by summing over all nuclide species.
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Effective Cross Section
(i) Narrow Resonance
1 k= 1 k E-E)
k= 1
EIn - 2E(1-lnak N 
CO I · · ·- · ~ T
(ii) Wide Resonance
E +E K
zali= s~i AE). { 1-a In a
= 1 i k
Za~i ZS~iAE~i =l
Ar 
t { } yN T '
Surface Effect
(i) Narrow Resonance
The weight term is given by (A. 3).
(ii) Wide Resonance





r () 4k Nk + 1
For neutron groups with several resonances (not necessarily all of one nuclide), both
the groups' effective resonance capture cross section, given by (A. 6) or (A. 7), and the
surface weight term, given by (A. 3) or (A. 8), for each resonance are additive. In com-
puter calculations, it is convenient to assign all of the resonances in the mixture to one
particular nuclide; and the microscopic group effective cross section is then expressed
as "per atom of absorber nuclide."
A. 2 LiF-BeF2 -UF 4 SYSTEMS
The potential scattering cross section for a fused salt is given by (A. 5). Elastic neu-
tron scattering, however, must be considered on a molecular scale, since the atoms are
bound. The average maximum fractional neutron energy loss per collision with a salt
molecule is approximated by











where m is the number of elements in the molecule, n is the number of atoms of ele-
ment j per molecule, A. is the mass number of element j, and s i)j is the micro-
scopic potential scattering cross section of element j (for energy group i). It may be
assumed that a li)j is constant in the resonance energy region, and then the subscript
i may be deleted from (A. 9).
For the LiF-BeF 2 -UF 4 salts, the average neutron energy loss in an elastic collision
with a constituent molecule is greater than the effective width of the pertinent U2 3 8 reso-
nances. Therefore, only narrow resonance calculations are of interest. From (A. 9),
we find that (1-a) for LiF is only approximately 2% lower than that of BeF 2 ; conse-
quently, by use of properly averaged values of (l-a) and in a, the two molecules may be
treated as identical scatterers. From (A. 6), it follows that for a single resonance
~al i s AEi - ( E ) E E) In E - 2E(1(na)ave - MTal i' = s ~i a 01- )ave T
(1 -aUF) {(Eo-E) In -JE --- 2E (1- n EUF 4 ) } MT M )j (A. 10)
where Z s is obtained from (A. 5) by assuming s i to be constant throughout the reso-
nance energy range, (1-a-)ave and (lna) ave refer to LiF and BeF 2 , (1-aUF ) and lnaUF
refer to UF4 , and M T are UF 4 and total molecular densities, respectively.
Division of both sides of (A. 10) by N U , the atomic density of U2 3 8 in the mixture,
eliminates the density dependence, and the equation reduces to the form
a = (- F s MUF (A. 11)N U i M
where F i indicates the functional form of (A. 10). (Note that E is a function of 1 E)1 NU s')
For a group with several resonances, (A. 11) may be summed to yield the total group
cross section. Therefore, the group effective resonance capture cross section of the
salt (per U2 3 8 atom) is a function only of the potential scattering cross section of the
238
salt (per UZ38 atom) and of the mole percentage of UF4 in the salt. A plot of Fi)total
versus ZS/NU for several UF4 compositions results in a set of curves from which the
group effective cross section for any mixture may be estimated.
The surface-resonance weight term may be approached similarly. From (A. 3) we
see that the weight term is a direct function of AE) r , which in turn depends on Zs/N U
(The functional dependence on Zs/NU also includes the effects of composition, as is seen
in (A. 5).) The total surface-resonance weight per group i is obtained by summing over
all resonances in group i. The plot of the total surface weighting term versus zs/NU





A Atomic mass number
E Resonance energy ev, kev
o
AE)i Neutron energy group width ev, kev
AE)r Resonance energy width ev, kev
m Number of elements per molecule
n Number of atoms of an element per molecule
M Molecular density cm
-3N Atomic density cm
S(0 + ) Surface source strength cm - 3 sec - 1
AU)r Resonance lethargy width
a Maximum fractional energy loss (atom)
a Maximum fractional energy loss (molecule)
r Resonance gamma emission width ev, kevY
r Resonance neutron emission width ev, kev
n
r Resonance total width ev, kev
E Resonance energy half width ev, key
Logarithmic mean energy decrement
Microscopic potential scattering cross section cm 2
A -1
a Effective macroscopic absorption cross section cm
-1Fr Macroscopic removal cross section cm




j Element in molecule





Neutron Cross Sections and Scattering Matrices
B. 1 INTRODUCTION
The purpose here is to summarize and document the nuclear reaction data for Th232
238
and U . This section may be considered a continuation of A. J. Impink's Appendix D,
in which he treats the nonfissile nuclides of interest in the blanket problem. 2 Therefore,
we shall retain the format used by Impink.
The 50 group (see Table B. 1) cross sections and the nonelastically scattered neutron
and fission neutron spectra of Th 2 3 and U2 3 8 are discussed in sections B. 2 and B. 3.
The group cross sections are tabulated and the complete nuclide decks are listed. (The
nuclide decks are part of the computer input data, and reference is made to Impink's
Appendix C for a detailed description.2)
Section B. 4 deals with the cases in which U2 3 8 is a constituent of a fused salt. The
high energy cross sections are not altered by the presence of other nuclides and the high
energy nuclide decks are identical to that for U 2 3 8 metal. Therefore, only the group
cross sections for groups 35 to 50, and the corresponding low-energy nuclide decks are
tabulated.
B. 2 Thorium 232
a. High Energy Cross Sections
(i) Total cross section
Good agreement is found between the total cross section curves given by Hughes and
Schwartz 2 7 and by Buckingham, Parker and Pendlebury.28 The Buckingham curve
extends up to 15 Mev and therefore it is used.
(ii) Nonelastic cross section
The nonelastic cross section curve given by Buckingham et al.28 is not consistent
with the sum of the various nonelastic reaction cross sections given by other sources.
Values obtained from the sum of the measured individual nonelastic reaction cross sec-
tions are used.
(iii) Elastic cross section
For consistency, the elastic cross section is determined from the difference between
the total and the nonelastic cross sections. These values are in agreement with experi-
mental values given by Smith21 in the range 0. 5-1. 5 Mev.
(iv) Radiative capture cross section
There is fair agreement between the experimental values given by Stavisskii and














































































































































































































































































values given by Hanna and Rose 3 2 are somewhat lower than the other results. The (n, y)
cross-section curve given by Buckingham et al.28 differs considerably from the experi-
mental data in the range 0. 5-2 Mev. Hughes and Schwartz 2 7 give a curve that is consist-
ent with the available data below 7 Mev and agrees with the value given by Perkin,
O'Connor and Coleman 3 3 at 14. 5 Mev. The Hughes and Schwartz curve was used.
(v) Charged-particle emission cross section
There are no available experimental data on (n, p), (n, d), (n,t), and (n, a) cross
sections for Th3. We infer from the 14.5-Mev (n,a) cross sections for U2 38 and Th 2 30
(1.5 and 4. 6 mb, respectively) and the (n, p) cross section for U2 3 5 (1.86 mb) reported
by Coleman, Howker, O'Connor and Perkin 3 4 that the Th 2 32 charged-particle emission
cross sections are also small and may be ignored.
(vi) (n, 3n) cross section
The (n, 3n) cross section has been plotted by Buckingham et al.28 and is used.
(vii) (n, Zn) cross section
The measured (n, Zn) cross sections reported by Butler and Santry,35 Prestwood
and Bayhurst, 36, 37 Perkin and Coleman, 3 8 Tewes, Caretto, Miller, and Methaway, 3 9
Cochran and Henkel,4 0 ' 41 and Halperin, Schmitt and Druschel42 are generally in fair
agreement; the value given by Rysin, Korrizkhykh, Lbov and Sel'chenko 4 3 at 14. 7 Mev
is much lower than the other results. The curve given by Buckingham et al. 2 8 agrees
well with the measured values up to ~9 Mev, but thereafter it is lower than most of the
experimental points. The cross section curve plotted by Kalos and Troubetzkoy44 is in
good agreement with most of the measured data below 8 Mev and above -11 Mev, but is
too low in the range 8-11 Mev. Therefore, the (n, 2n) cross sections are obtained from
the Buckingham curve below 8 Mev, from a curve based on the available experimental
values between 8 and 11 Mev, and from the Kalos curve above 11 Mev.
(viii) (n, n') cross section
The (n, n') total cross section curve plotted by Buckingham et al.2 8 is somewhat
higher than the experimental values given by Smith.2 1 The curve given by Howerton4 5
is not consistent with the other results at energies below -1. 5 Mev. The measured
values were used when applicable, and the curve was extrapolated to the Buckingham
values at the higher and lower energies. There is at least qualitative agreement between
the relative magnitudes of the level excitation functions for Th Z 3 2 given by Smith Z1 and
the corresponding excitation functions for U2 3 8 given by Yiftah, Okrent and Moldauer. 22
Since the level excitation functions need to be renormalized to the total (n, n') cross sec-
tion, it is convenient to use the Yiftah values for U 2 3 8 scaled by the ratio of the (n, n')
232 238 232
cross section of Th 3 2 to that of U2 3 8 . The nuclear level energies for Th are taken
from Hellwege, Z0 and a direct correspondence is found with the U2 3 8 level energies; the
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Th 2 3 2 0. 820, 0. 790, and 0. 773-kev levels are assumed to correspond to the U2 3 8 0. 790-
kev level, and their excitation probabilities are taken to be identical.
(ix) (n, f) cross section
The fast-fission cross-section curves plotted by Hughes and Schwartz 2 7 and by
Buckingham et al.28 are nearly identical in shape, but the Buckingham curve is consist-
ently higher than the Hughes values. The curve given by Hughes is used because it is
documented and is considered more reliable. Independent measurements by Protopopov
et al. 4 6 and by Berezin et al. 4 7 at 14. 6 Mev both agree with the Hughes curve.
b. Low Energy Cross Sections
(i) Total cross section
The total cross section curve plotted by Buckingham et al.2 8 is used down to -30 kev.
For energies below 30 kev the total cross section is attained as the sum of the elastic
cross section and the nonelastic cross section.
(ii) Nonelastic cross section
The nonelastic cross sections are obtained as the sum of the (n, n') and the (n, y)
cross sections.
(iii) Elastic cross section
Above 30 kev the elastic cross section is determined from the difference of the total
cross section and the nonelastic cross section. Between 30 kev and 2 kev, the cross
section curve is extrapolated to the potential scattering cross section; and at energies
below 2 kev, the potential scattering cross section is used. For thermal energy, the
thermal scattering cross section given by Hughes and Schwartz 2 7 is used.
(iv) Radiative capture cross section
The Hughes and Schwartz 2 7 values are used down to 30 kev. Below 0.46 kev the
group effective capture cross section is calculated as indicated in Appendix A. Between
30 and 0. 46 kev, the capture cross section is estimated by an interpolated curve; at ther-
mal energy, the Hughes and Schwartz27 thermal absorption cross section is used. The
v 1 absorption contribution was calculated and included for energies below 30 kev.
(v) (n,n') cross section
The total (n, n') cross section curve plotted by Buckingham et al.28 is used at low
energies. The level excitation functions for the ,two energetically allowed levels are
determined from (renormalized) values given by Yiftah et al.2 1 for U2 38
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TABLE B.2 TH-232 REACTION CROSS SECTIONS (BARNS)
GP TOTAL N.N NF N93N N,2N
01 5.600 2.285 0.340 1.000 1-500
02 5.200 2.167 0.332 0.500 1.700
03 4.800 2.051 0.322 0.050 1.850
04 4.900 2.142 0.310 0.000 1.900
05 5.250 2.506 0.305 0.000 1.850
06 5.700 3.054 0.306 0.000 1,550
07 6.100 3.554 0.335 0.000 0.900
08 6.700 4.167 0.320 0.000 0.200
09 6.850 4.175 0.150 0.000 0.010
10 7.100 4.296 0.137 0.000 0.000
11 7.300 4.456 0.145 0.000 0.000
12 7.500 4.633 0.145 0.000 0.000
13 7.600 4.711 0.143 0.000 0.000
14 7.600 4.679 0.141 0.000 0.000
15 7.500 4.508 0.138 0.000 0.000
16 7.200 4.218 0.134 0.000 0.000
17 7.000 4.036 0.120 0.000 0.000
18 6.800 3.845 0.115 0.000 0.000
19 6.700 3.742 0.120 0.000 0.000
20 6.650 3.722 0.092 0.000 0.000
21 6.600 3.734 0.090 0,000 0.000
22 6.600 3.834 0.100 0.000 0.000
23 6.620 3.972 0.052 0.000 0.000
24 6.650 4.144 0.010 0.000 0.000
25 6.700 4.343 0.000 0.000 0.000
26 6.850 4.623 0.000 0.000 0.000
27 7.000 4.914 0.000 0.000 0.000
28 7.050 5.077 0.000 0.000 0.000
29 7.200 5.330 0.000 0.000 0.000
30 7.300 5.525 0.000 0.000 0.000
31 7.530 5.870 0.000 0.000 0.000
32 7.800 6.255 0.000 0.000 0.000
33 8.000 6.532 0.000 0.000 0.000
34 8.250 6.880 0.000 0.000 0.000
35 8.700 7.353 0.000 0.000 0.000
36 9.700 8.490 0.000 0.000 0.000
37 11.000 9.950 0.000 0.000 0.000
38 12,150 11.240 0.000 0.000 0.000
39 13.100 12.510 0,000 0.000 0.000
40 13.639 13.050 0.000 0.000 0.000
41 13.265 12.600 0.000 0.000 0.000
42 12.797 12.100 0.000 0.000 0.000
43 12.712 12.000 0.000 0.000 0.000
44 12.642 12.000 0.000 0.000 0.000
45 12.646 12.000 0.000 0.000 0.000
46 12.710 12.000 0.000 0.000 0.000
47 12.382 12.000 0.000 0.000 0.000
48 12.413 12.000 0.000 0.000 0.000
49 12.320 12.000 0.000 0.000 0.000
50 20.160 12.600 0.000 0.000 0.000
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TABLE B2 CONTINUED
GP --- NN----------------- Nt
KEV (p1000) (820) (790) (773) (330)
01 0.470 0.000 0.000 0.000 0.000
02 0.495 0.000 0.000 0.000 0.000
03 0.520 0.000 0.000 0.000 0.000
04 0.540 0.000 0.000 0.000 0.000
05 0.580 0.000 0.000 0.000 0.000
06 0.780 0.000 0.000 0.000 0.000
07 1.300 0.000 0.000 0.000 0.000
08 2.000 0.000 0.000 0.000 0.000
09 2.500 0.000 0.000 0.000 0.000
10 2.650 0.000 0.000 0.000 0.000
11 2.680 0.000 0.000 0.000 0.000
12 2.700 0.000 0.000 0.000 0.000
13 2.720 0.000 0.000 0.000 0.000
14 2.750 0.000 0.000 0.000 0.000
15 2.820 0.000 0.000 0.000 0.000
16 2.810 0.000 0.000 0.000 0.000
17 2.800 0.000 0.000 0.000 0.000
18 2.790 0.000 0.000 0.000 0.000
19 2.780 0.000 0.000 0.000 0.000
20 2.193 0.054 0.054 0.054 0.023
21 1.901 0.086 0.086 0.086 0.031
22 1.024 0.185 0.185 0.185 0.044
23 0.575 0.261 0.261 0.261 0.056
24 0.252 0.294 0.294 0.294 0.061
25 0.111 0.263 0.263 0.263 0.060
26 0.001 0.217 0.217 0.217 0.056
27 0.000 0.149 0.149 0.149 0.043
28 0.000 0.066 0.066 0.066 0.022
29 0.000 0.023 0.023 0.023 0.000
30 0.000 0.000 0.000 0.000 0.000
31 0.000 0.000 0.000 0.000 0.000
32 0.000 0.000 0.000 0.000 0.000
33 0.000 0.000 0.000 0.000 0.000
34 0.000 0.000 0.000 0.000 0.000
35 0.000 0.000 0.000 0.000 0.000
36 0.000 0.000 0.000 0.000 0.000
37 0.000 0.000 0.000 0.000 0.000
38 0.000 0.000 0.000 0.000 0.000
39 0.000 0.000 0.000 0.000 0.000
40 0.000 0.000 0.000 0.000 0.000
41 0,000 0.000 0.000 0.000 0.000
42 0.000 0.000 0*000 0.000 0.000
43 0.000 0.000 0.000 0.000 0.000
44 0.000 0.000 0.000 0.000 0.000
45 0.000 0.000 0*000 0.000 0.000
46 0.000 0.000 0.000 0.000 0,000
47 0.000 0.000 0.000 0.000 0.000
48 0.000 0.000 0.000 0.000 0.000
49 0.000 0.000 0.000 0.000 0.000
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c. Neutron Nonelastic Spectra
The (n, n'), (n, 2n) and (n, 3n) spectra are calculated with the multiparticle statistical
model2 5 for incident neutron energies above 2 Mev. (The threshold energies for the
(n, 2n) and (n, 3n) reactions are approximately 6. 4 and 11. 5 Mev, respectively.) Between
1.3 and 2 Mev, the asymptotic empirical model 2 is used; for energies below 1.3 Mev,
the isolated level model is applied. There is no inelastic scattering below about 50 kev.
d. Fission Neutron Spectrum
Owing to the lack of experimental measurements, the Th2 3 2 fast fission spectrum is
approximated by the U2 3 5 thermal fission neutron spectrum given by Weinberg and
Wigner. 8 The similarity observed in the thermal fission neutron spectra of several
nuclides, 9 and the nearly identical fission y spectra for thermal and fast fission reac-
tions in fissile nuclides 5 0 ' 51 give some assurance that the approximation is valid.
The neutron yield per fission for the range of incident neutron energies is given by
Kuz' minov. 5 2
B. 3 Uranium 238
a. High Energy Cross Sections
(i) Total cross section
There is good agreement between the curves plotted by Hughes and Schwartz 2 7 and
by Buckingham et al.28 at energies up to 8 Mev; at higher energies the Hughes curve is
somewhat higher. Experimental values given by Bratenahl et al.,53 Galloway54 and
others5 5 5 7 are consistent with the Hughes curve; it is used.
(ii) Nonelastic cross section
The values given by Hughes and Schwartz 2 7 at energies below 2. 5 Mev and meas-
urements at high energies (-14 Mev) by Cohen, 5 8 Degtyarev et al. 5 9 and others 5 7' 60
agree with the sum of the individual nonelastic reaction cross sections. The curve plotted
by Buckingham et al.28 is not consistent with the Hughes results below -2 Mev. The non-
elastic cross section is obtained as the sum of the various nonelastic reaction cross
sections.
(iii) Elastic cross section
The elastic cross section is obtained from the difference of the total and the non-
elastic cross sections. These results agree with the measured values given by Cranberg
and Levin. 6 1
(iv) Radiative capture cross section
There have been many measurements61-66,32,33,67 of (n,y) cross sections at higher
energies with varying degrees of agreement. The curve plotted by Hughes and Schwartz 2 7
appears to be consistent with most recent measurements, and it is used.
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(v) Charged-particle emission cross section
Coleman et al. 3 4 give the (n, a) cross section at 14. 5 Mev as 1. 5 mb. Since at lower
energies a emission is less probable, the reaction is ignored. By inference from the
U2 3 5 (n, p) cross section, 3 4 this reaction is also negligible.
(vi) (n, 3n) Cross section
There is good agreement between the (n, 3n) cross-section curves plotted by Henkel 6 8
and by Buckingham et al., 28 and the measured value at 14. 1 Mev reported by Allen
et al.6 9 is in reasonable agreement with these curves. The (n, 3n) cross section given
by Rosen and Stewart 6 0 is inconsistent with the other results. The Buckingham curve
is used.
(vii) (n, 2n) Cross section
The (n, 2n) curves presented by Hughes and Schwartz,27 by Buckingham et al.,28 and
by Henkel 6 8 are not in agreement above 8 Mev. The Hughes curve is based on meas-
urements reported by Knight, Smith, and Warren70; the values given by Perkin and
Coleman 7 1 and by Rosen and Stewart 6 0 near 14 Mev indicate somewhat higher cross
sections that are more consistent with the curve plotted by Buckingham. The (n, 2n)
cross section is obtained from the Hughes curve below 10 Mev, and from the Buckingham
curve at higher energies.
(viii) (n,n') Cross section
Dresner7 2 gives a summary of the experimental (n,n') cross-section data up to
1 Mev. Rosen et al. 6 0 and Allen et al. 6 9 both report measured values near 14 Mev; the
last result is considered more reliable. The (n, n') cross-section curve presented by
Buckingham et al.2 8 is not consistent with the above-mentioned data, and is not usable
beyond -0. 07 Mev. Howerton4 5 plots a curve that gives very good correlation with the
experimental results, and also agrees with the total nonelastic cross sections given by
Hughes and Schwartz.27 The Howerton curve is used above 0. 1 Mev; at lower energies
the (n, n') cross section is obtained by extrapolation to the Buckingham curve.
The nuclear-level excitation functions are obtained by renormalizing the curves given
22by Yiftah et al. ; these curves are based on measurements made by Cranberg and
Levin. 73
(ix) (n,f) Cross section
The fast-fission cross-section curves plotted by Hughes and Schwartz, 2 7 by
Buckingham et al.2 8 and by Hemmendinger4 are in agreement. Experimental values
reported by Adams et al.,75 Knight et al., 7 0 Cranberg and Levin, 6 1 and others 6 0 ' 76-78
are consistent and give good correlation with the above curves. (The Knight results are
somewhat high in the range 9-10 Mev.) As a matter of convenience, the Buckingham
curve is used.
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b. Low Energy Cross Sections
(i) Total cross section
Down to about 30 kev, the total cross-section curve plotted by Buckingham et al.2 8
is employed; for lower energies, the total cross section is derived from the sum of the
elastic and the nonelastic cross sections.
(ii) Nonelastic cross section
The total nonelastic cross section for energies below 0. 44 Mev is obtained as the sum
of the (n, n') and (n, y) cross sections.
(iii) Elastic cross section
The elastic cross section is determined from the difference of the total and the non-
elastic cross sections for energies greater than 30 kev, and from a smoothly extrapo-
lated curve that levels off at the potential scattering cross section in the energy range
2-30 Mev, and by assuming that below 2 Mev it equals the potential scattering cross
section. At thermal energy the thermal scattering cross section given by Hughes and
Schwartz 2 7 is used.
(iv) Radiative capture cross section
For energies above 30 kev, the Hughes and Schwartz 2 7 absorption cross section
curve is used. The group effective resonance capture cross sections are calculated
below 0. 22 kev, and between 0. 22 and 30 kev an estimated curve, joining the measured
and the calculated results, is employed. The v absorption contribution is computed
for energies below 30 kev. The thermal absorption cross section given by Hughes is
used at thermal energy.
(v) (n,n') Cross section
The total (n, n') cross section is obtained from a composite curve based on the curve
plotted by Howerton; at energies below 0. 07 Mev the Buckingham results are used, with
an estimated segment (from 0. 07 Mev to 0. 15 Mev) joining the two curves. The nuclear-
level excitation functions for the two lower energy levels are obtained from Yiftah et al.2 2
c. Nonelastic Spectra
The neutron spectra of the (n, n'), (n, 2n) and (n, 3n) reactions are calculated with the
multiparticle statistical model 2 for incident neutron energies above 2 Mev. Between
1. 3 Mev and 2 Mev, the asymptotic empirical model 2 is employed. The isolated-level
model is used below 1. 3 Mev. The threshold energies of the (n, n'), (n, 2n) and (n, 3n)
reactions are approximately 0. 045, 5. 90 and 11.5 Mev.
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d. Fission Neutron Spectrum
The U2 3 8 fast fission neutron spectrum is assumed to be identical to the U 2 3 5 ther-
mal fission spectrum. The validity of this approximation is inferred from the similarity
of the thermal fission neutron spectra of several nuclides 8 and from the independence
of the fission y spectrum from the compound nucleus excitation before fission. 4 9 ' 50 The
fission neutron yield is obtained from Kuzlminov. 5 2
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U-238 REACTION CROSS SECTIONS
GP TOTAL NN N.F N,3N N,2N
01 5.900 3.247 1.200 0.800 0.550
02 5.600 2.867 1.010 0.430 1.050
03 5.500 2.777 1.010 0.020 1.420
04 5.550 2.737 1.020 0.000 1.470
05 5.750 2.877 1.020 0.000 1.450
06 6.000 3.126 1.020 0.000 1.200
07 6.300 3.346 1.010 0.000 0.840
08 6.650 3.545 0.900 0.000 0.350
09 7.000 3.984 0.650 0.000 0.010
10 7.400 4.373 0.550 0.000 0.000
11 7.500 4.422 0.540 0.000 0.000
12 7.550 4.430 0.540 0.000 0.000
13 7.600 4.447 0.540 0.000 0.000
14 7.550 4.414 0.540 0.000 0.000
15 7.550 4.432 0.540 0.000 0.000
16 7*450 4.346 0.542 0.000 0.000
17 7.300 4*205 0.548 0.000 0.000
18 7.350 4.266 0.552 0.000 0.000
19 7.100 4.064 0.547 0.000 0.000
20 7.000 4.031 0.522 0.000 0.000
21 6.850 3.971 0.470 0.000 0.000
22 6.800 4.058 0.370 0.000 0.000
23 6.720 4.200 0.230 0.000 0.000
24 6.760 4.510 0.042 0.000 0.000
25 6.780 4.690 0.035 0.000 0.000
26 6.800 4.922 0.018 0.000 0.000
27 6.820 5.142 0.012 0.000 0.000
28 7.000 5.577 0.005 0.000 0,000
29 7.030 5.754 0.001 0.000 0.000
30 7.400 6.263 0.000 0.000 0.000
31 7.600 6.567 0.000 0.000 0.000
32 7.900 6.971 0.000 0.000 0000 
33 8.100 7.255 0.000 0.000 0.000
34 8.300 7.507 0.000 0.000 0.000
35 8.800 8.073 0.000 0.000 0.000
36 9.750 9.100 0.000 0.000 0.000
37 11.000 10.350 0.000 00000 0.000
38 12.300 11.620 0.000 0.000 0.000
39 13.100 12.720 0.000 0.000 0.000
40 13.513 13.000 0.000 0.000 0.000
41 12.405 11.800 0.000 0.000 0.000
42 11.508 10.900 0.000 0.000 0.000
43 11.267 10.703 0.000 0.000 0.000
44 11.218 10.700 0.000 0.000 0.000
45 11.155 10.700 0.000 0.000 0.000
46 11.105 10.700 0.000 0.000 0.000
47 10.986 10.700 0.000 0.000 0.000
48 10.910 10.700 0.000 0.00 0.000
49 11.053 10.700 0.000 0,000 0.000






GP . .---- NN------------- 
KEV (1000) (790) (310) (148) (45)
01 0.200 0.000 0.000 0.000 0.000
02 0.240 0.000 0.000 0.000 0.000
03 0.270 0.00O 0.000 0,000 0.000
04 0.320 0.000 0.000 0.000 0.000
05 0.400 O .000 0.000 0.000 0.000
06 0.650 0.000 0.000
07 1.100 0.000 0.000 0.000 0.000
08 1.850 0.000 0.000 0.000 0.000
09 2.350 0.000 00000 0.000 0000
10 2.470 0.000 0.000 0.000 0.000
11 2.530 0.000 0.000 0.000 0.000
12 2.570 0.000 0.000 0.000 0.000
13 2*6U0 0.000 0.000 0.000 0.000
14 2.580 O.OuO 0.000 0.000 0.000
15 2.560 0.000 0.000 0.000 0.000
16 2.540 0.000 0.000 0.000 0.000
17 2.520 0.000 0.000 0.000 0,000
18 2.500 0.OCC 0.000 0.000 0.000
19 2.450 0.00 0.000 0.000 0.000
20 1.900 0.140 0.020 0.235 0.105
21 1.655 0.225 0.027 0.260 0.183
22 0.913 0.495 0.039 0.620 0.233
23 0.506 0.690 0.049 0.690 0.265
24 0.221 0.775 0.054 0.760 0*290
25 0.095 0.680 0.052 0.790 0.313
26 0.000 0.534 0.046 0.805 0.335
27 0.000 0.349 0.033 0.783 0.355
28 0.000 0.138 0.015 0.745 0.372
29 0.000 0.045 0.000 0.700 0.385
30 000O 0.000 0 .000 0 .600 0.400
31 0.000 0.000 0.000 0.487 0.413
32 0*000 0.000 0.000 0.375 0.425
33 0.000 0.000 0.000 0.285 0.435
34 0.000 0.000 0.000 0.230 0.440
35 0.000 0.000 0.000 0.145 0.455
36 0.000 0,000 0.000 0.035 0.465
37 0.000 0.000 0.000 0.000 0.440
38 0*000 0.000 0.000 0.000 0*400
39 0,000 0.000 0.000 0.000 0.010
40 0.000 0.000 0.000 0.000 0.000
41 0.000 0.000 0.000 0.000 0000
42 0.000 0.000 0.000 0*000 0.000
43 0.000 0.000 0.000 0.000 0.000
44 0,000 0.000 0.000 0.000 0.000
45 0.000 0.000 0.000 0.000 0.000
46 0.000 0.000 0.000 0.000 0.000
47 0.000 0.000 0.000 0.000 0.000
48 0.000 0.000 0000 0.000 0.000
49 0.000 0.000 0.000 0.000 0.000
50 0.000 0.000 0.000 0.000 0.000
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B. 4 LiF-BeF 2 -UF 4 Salts
The group effective resonance capture cross section of the fused salt (per U2 3 8 atom)
is calculated as outlined in Appendix A. The resonance parameters of U2 3 8 are obtained
from Hughes and Schwartz. 2 7
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TABLE 8.8 U-238 (FUSED SALT) LOW ENERGY
REACTION CROSS SECTIONS (BARNS)
LITHIUM, BERYLLIUM, URANIUM FLUORIDE -- (73-00-27)
GP TOTAL NN N,N' CAPTURE SURFACE
35 8.800 8.073 0.600 0.127 0.00000
36 9.750 9.100 0.500 0.150 0*00000
37 11.000 10.350 0*440 0.210 0.00000
38 12.300 11.620 0.400 0.280 0.00000
39 13,100 12.720 0.010 0.370 0.00000
40 13.503 13.000 0.000 0.503 0.00025
41 12.450 11.800 0.000 0.650 0.00065
42 11*703 10.900 0.000 0.803 0*00115
43 11.637 10.700 0.000 0.937 0.00185
44 11.757 10.700 0.000 1.057 0.00270
45 11.925 10.700 0.000 1*225 0.00400
46 11.922 10.700 0.000 1.222 0.00659
47 11.932 10.700 0.000 1.232 0.00636
48 11.879 10.700 0.000 1.179 0.00655
49 15.889 10.700 0.000 5.189 0.01710
50 11.250 8.500 0.000 2.750 0.01585
LITHIUM, BERYLLIUM, URANIUM FLUORIDE -- (71-09-20)
GP TOTAL NN N,N' CAPTURE SURFACE
35 8*800 8.073 0.600 0.127 0.00000
36 9.750 9.100 0.500 0.150 0.00000
37 11.000 10*350 0.440 0.210 0.00000
38 12.300 11.620 0.400 0.280 0.00000
39 13.100 12.720 0.010 0.370 0.00000
40 13.503 13.000 0.000 0.503 0.00025
41 12.450 11.800 0.000 0.650 0.00050
42 11.703 10.900 0.000 0.803 0.00095
43 11.637 10.700 0.000 0.937 0.00160
44 11.757 10.700 0.000 1.057 0.00250
45 11.925 10.700 0.000 1.225 0.00360
46 12.002 10.700 0.000 1.302 0.00562
47 12.104 10.700 0.000 1.404 0.00597
48 12.119 10.700 0.000 1.419 0.00620
49 17.416 10.700 0.000 6*716 0.01642




LITHIUM, BERYLLIUM URANIUM FLUORIDE - (67-16-17)
GP TOTAL N,N N,N' CAPTURE SURFACE
35 8.800 8.073 0.600 0.127 0.00000
36 9.750 9.100 0.500 0.150 0.00000
37 11.C00 10.350 0.440 0.210 0.00000
38 12.300 11.620 0.400 0.280 0.00000
39 13.100 12.720 0.010 0.370 0.00000
11 11.111 11.111 1.111 1.111 1.11111
40 13.503 13,000 0.000 0.503 0.00025
41 12.450 11.800 0.000 0.650 0.00050
42 11,703 10.900 0.000 0.803 0.00095
43 11.637 10.700 0.000 0.937 0.00150
44 11.757 10.700 0.000 1.057 0.00220
45 11.925 10.700 0.000 1.225 0.00315
46 12.057 10.700 0.000 1.357 0.00500
47 12.274 10.700 0.000 19574 0.00567
48 12.544 10.700 0.000 1.844 0.00591
49 17.866 10.700 0.000 7.166 0.01585
50 11.250 8.500 0.000 2.750 0.01423
LITHIUM, BERYLLIUM, URANIUM FLUORIDE -- (71-16-13)
GP TOTAL N,N N,N' CAPTURE SURFACE
35 8.800 8.073 0.600 0.127 0.00000
36 9,750 9.100 0,500 0.150 0.00000
37 11.000 10,350 0.440 0.210 0.00000
38 12.300 11.620 0,400 0*280 0.00000
39 13.100 12.720 0.010 0.370 0.00000
40 13,513 13,000 0.000 0.513 0.00015
41 12.470 11.800 0.000 0.670 0.00040
42 11,708 10.900 0.000 0.808 0,00075
43 11.647 10.700 0.000 0.947 0.00135
44 11.792 10.700 0.000 1.092 0.00205
45 11.965 10.700 0.000 1.265 0.00380
46 12.150 10.700 0.000 1.450 0o00424
47 12.491 10.700 0.000 1.791 0.00523
48 12.605 10.700 0.000 1.905 0.00575
49 19.333 10.700 0.000 8.633 0.01503




LITHIUM, BERYLLIUM. URANIUM FLUORIDE -- (74-16-10)
GP TOTAL NtN NN' CAPTURE SURFACE
35 8.800 8.073 0.600 0.127 0.00000
36 9.750 9.100 0.500 0.150 0.00000
37 11.000 10.350 0.440 0.210 0.00000
38 12,300 11.620 0.400 0.280 0.00000
39 13.10U 12.720 0.010 0.370 0.00000
40 13.523 13.000 0.000 0.523 0.00015
41 12.470 11.800 0.000 0.670 0.00040
42 11.723 10.900 0.000 0.823 0.00075
43 11.687 10.700 0.000 0.987 0.00125
44 11.857 10.700 0.000 1.152 0.00185
45 12.090 10.700 0.000 1.390 0.00260
46 12.277 10.700 0.000 1.577 0.00370
47 12.604 10.700 0.000 1.904 0.00467
48 12.959 10.700 0.000 2.259 0.00517
49 21.116 10.700 0,000 10.416 0.01414
50 11.250 8.500 0.000 2.750 0.01278
LITHIUM, BERYLLIUM, URANIUM FLUORIDE -- (60-30-10)
GP TOTAL NN N,N' CAPTURE SURFACE
35 8.800 8.073 0.600 0.127 0.00000
36 9,750 9.100 0.500 0.150 0.00000
37 11.000 10.350 0.440 0.210 0.00000
38 12,300 11,620 0.400 0.280 0.00000
39 13.100 12.720 0.010 0.370 0.00000
40 13.523 13.000 0.000 0.523 0.00010
41 12.491 11.800 0.000 0.691 0.00025
42 11.733 10.900 0.000 0.833 0.00055
43 11.697 10.700 0.000 0.997 0.00100
44 11.892 10.700 0.000 1.192 0.00155
45 12.115 10.700 0.000 1.415 0.00230
46 12.332 10.700 0.000 1.632 0.00350
47 12.634 10.700 0.000 1.934 0.00445
48 13.119 10.700 0.000 2.419 0.00507
49 21.866 10.700 0.000 11.166 0.01380
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Thermal Stress and Heat Transfer
The thermal-stress and heat-transfer calculations for the first wall and the first-wall
coolant region of a blanket are best clarified by working a sample problem. Let us
examine the blanket described in Table C. 1; the properties of the first wall and the fused
salt are given in Tables 3. 1 and 3. 3, respectively. The neutron energy flux incident on
the blanket wall is assumed to be 5 Mw/m 2 .
Table C. 1. Description of blanket.
First Wall First-Wall Coolant
C. 1 THERMAL STRESS
Homeyer derived a formula for the maximum thermal stress in a metal plate which
is subject to uniform-volume heat generation and a surface heat source on one side.
aEd
a') 6kw (3qs+Zqdw).
maxT 6k (l-v) s w w (C.1)
(The notation is defined in a glossary at the end of this appendix.) The heating in the
first wall is an exponential function with a sharp peak superimposed at the wall-coolant
interface. The representation of this heating distribution by a constant function is a valid
approximation, since the differences are only several per cent and the wall thickness is
small. We define qw as the average heat generation per centimeter in the wall.
From Eq. (C. 1) we then find that the maximum thermal stress in the first wall at the
wall-coolant interface is
rmax)T = 11,870 psi.
93
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C. 2 HEAT TRANSFER
The velocity of coolant flow is governed by the maximum allowed temperature rise
in the fused salt. The average heat removed per unit volume of salt is given by
1
qr = -I (Qc+Qw+qs ) ' (C. 2)
c
For a maximum temperature rise of AT) c in a coolant pass which is Lc cm long, the
required coolant velocity is
qrLc
vc =pCAT) (C. 3)
c pCp T)c
Turbulent flow is essential for adequate cooling of the first wall, and the coolant velocity
must also satisfy this consideration. Flow turbulence is determined by the relationship
NRe = > 2000. (C. 4)
The film temperature drop at the wall is
Q. +q 9
AT) F hw (C. 5)
Here, the film coefficient, hF, is evaluated from experimental relationships. McAdams 7 9
gives a formula that is adequate for our calculations:
h = 0. 0 2 3 (kc)( c) (k) (C. 6)
in which the physical constants are evaluated at the coolant bulk temperature.
The effectiveness of the cooling system may be expressed in terms of the coolant
pumping power expenditure to heat transfer ratio. For an annular coolant channel the
pumping power is given by Homeyer as
W =1 fV2CP + D (C. 7)
where f is evaluated from circular pipe data at NRe given by (C. 4). The ratio of fric-
tion loss to heat removal, rf, is then
Wf
rf Qw + qs (C. 8)




AT) -w S3k W(C. 9)
w
in which qw is as defined in section C. 1.
Let us assume that the coolant passage is 30 m long, and the inlet-outlet temperature
difference of the fused salt is 70°C. For an average bulk temperature of 600°C, we find
from Eqs. (C. 2)-(C. 6) that
vc = 10.3 m/sec
N =3.74 X 105Re
hF = 0.436 cal/cm 2secOC
AT)F= 62.4°C.
The friction factor, f, for smooth pipes is approximately 0. 034 at the Reynold's number
given above. Equations (C. 7) and (C. 8) then give
rf = 0. 0135.
From (C. 9) we obtain
AT) w = 82. 5°C.
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Force-mass conversion factor = 32.2 F 2 1




Length of coolant flow
Reynold' s number
Heat removed per unit volume of coolant
Surface heat generation
Average heating rate in wall
Total heat generation in coolant
Total heat generation in wall
Ratio of friction power loss to heat transfer
Radius of first wall
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